The effect of working fluid on the start-up and thermal performance in terms of thermal resistance and heat transfer coefficient of a pulsating heat pipe have been studied in the present paper. Methanol and de-ionized water has been selected as the working fluid. The minimum startup power for DI water was obtained at 50% filling ratio and for methanol at 40%. The optimum filling ratio in terms of minimum startup power and minimum thermal resistance was 50% for DI water and 40% for methanol. The minimum thermal resistances for DI water and methanol were observed at vertical orientation. The evaporator side heat transfer coefficient for water was slightly more, while the condenser side heat transfer coefficient was appreciably more than that of methanol. Studies were also conducted for start-up time and temperature at different orientations and it was found that the PHP charged with methanol worked efficiently at all orientations.
Introduction
With the rapid development in electronic industry, including the dramatic increase in chip density and power density, as well as continuous decrease in the physical size of electronic packages, the thermal management has become, and will continue to be one of the most critical technologies in the electronic product development. The pulsating/oscillating heat pipe (PHP/OHP) first proposed by Akachi [1] in 1990 is a new type of efficient heat transfer device which has shown promising results for electronic cooling. It is drawing a great deal of attention due to its simple design, small size and excellent thermal performance. It is different from a traditional heat pipe in working and design. A typical PHP is made of a long continuous capillary tube bent in serpentine manner in many turns. It is first evacuated and then filled partially with a working fluid. Working Fluid distributes itself in the form of liquid-vapor plugs and slugs. The inner diameter of the pipe must be sufficiently small so that vapor bubbles can grow to vapor plugs in the tube. The theoretical maximum diameter (based on balance of capillary and gravity forces) is given by [2] :
The performance of a PHP depends upon many factors like the geometrical parameters of flow channel, the working fluid, the filling ratio, and number of turns, PHP configuration and the inclination angle [3] . It can be designed in three ways 1) open loop system, 2) closed loop system and 3) closed loop with check valves.
In recent years, many experimental studies have been conducted to understand the mechanism of PHP and the factors affecting the performance of PHP. Numerous works had been reported on the effect of various factors like dimensions [4, 5] , tilt angles [6] , number of turns [5] , and filling ratio [7, 8] , etc. Apart from these parameters, the choice of working fluid is very important. Water, organic solvents and refrigerants have been widely used as working fluid. Nanofluid has been reported to enhance the thermal performance of PHP [9] . The working fluid should have high   sat d d p T , so that a small change in T e generates a large corresponding P sat inside the generated bubble which aids in the bubble pumping action of the device. It should also have low dynamic viscosity and low surface tension so that additional shear stress and pressure drop can be avoided. Khandekar et al. [10] reported that ethanol, water and R123 show efficient thermal performance while in vertical mode whereas none of these working fluids were suitable for horizontal mode of PHP operation. Liu [11] showed that in vertical orientation enhanced performance of PHP will be obtained due to increased circulatory flow if the flow geometry path is made less symmetric; ethanol was used as the working fluid. Lin et al. used acetone and concluded that better performance could be achieved in horizontal orientation [12] . On comparing FC-72 and FC-75, better performance was obtained by FC-72 [13] . Reihl [14] compared the performance of acetone, ethanol, isopropyl alchohol, methanol and water for open loop pulsating heat pipe and found that acetone works best in vertical orientation and methanol in horizontal orientation. Majority of the work available in open literature focuses on the effect of working fluid on thermal performance of the device. Very little work has been done to study the effect of working fluid on the start-up parameters of the PHP. Tong et al. [15] were the first to explain the importance of start-up and the phenomena in detail. They used methanol as the working fluid and concluded that startup can be achieved at a filling ratio of 60%. Xu and Zhang [16] found 25 W as the startup power for PHP charged with FC-72, but FC-72 was efficient only for low heat inputs. Vassilev et al. [17] studied the effect on startup in square cross-section with methanol and water as working fluid. Hu and Jia [18] studied the startup characteristics of a flat plate pulsating heat pipe with ethanol and found that the startup depends on the heat load and filling rate. Wang et al. [19] compared the performance of DI water and acetone on a copper PHP with respect to startup and found that compared with distilled water, the PHP was more readily to be started with acetone as working fluid.
In view of the technological importance of the startup and thermal performance of pulsating heat pipe, the present work has been focused on studying the effect of working fluid on the start-up and thermal performance of a PHP in terms of heat transfer coefficient and the thermal resistance offered by it. Water has been found to be one of the best working fluid in terms of thermal performance of device under gravitational force. Methanol has the highest purity and the air dissolved in the liquid can be neglected. Hence, the methanol and de-ionized water has been selected as the working fluid for PHP. The thermophysical properties of the working fluids are given in Table 1 .
Experimental Apparatus and Method

Experimental Setup
As shown in Figure 1 , the PHP was fabricated by bending copper tubes (internal diameter 1.45 mm, outer diameter Table 1 . Thermophysical properties of the working fluids.
Ns m Copyright © 2013 SciRes. JECTC 2.54 mm with 6 turns). Nichrome resistance wire was wrapped around the bottom section of tubes, the evaporator. The evaporator was at the bottom and heated by a DC supply unit (Aplab L 6405). At the top section, the condenser, cooling was provided by blowing conditioned air at 25˚C using an electric fan. However, a combination of glass copper tubes (ID 2 mm and OD 3 mm) were also attempted for PHP using silicon tube for connecting glass and copper tubes, but the junction could not sustain at above 30 W heat input and thus did not work successfully. Agilent 34970 A multiplexer, resolution 0.01˚C was used to record the experimental data. The system was kept under vacuum up to 10 −4 mbar.
Experimental Method
Air was extracted by applying a vacuum of 10 −4 mbar for 7 -8 hours. Desired quantity of working fluid was filled in using syringe pump. Conditioned air was maintained at 25˚C. DC power unit was switched on and heating power was adjusted at 5 W. Temperature at different locations was recorded with the help of J type thermocouples which were connected to the data acquisition system. After the temperature became constant, the heating power was increased to 10 W, 15 W … 100 W. The same procedure was repeated for filling ratio (ratio of volume of liquid charged to the total volume of PHP) ranging from 10% to 100%.
Above procedure was repeated for PHP oriented horizontally and inclined at 45˚. The measured temperature from the thermocouple at the adiabatic section centre was used as the saturated steam temperature i.e. the operating temperature.
Result and Discussions
Minimum Startup Power
Mainly two parameters are used to evaluate the performance of PHP, start-up power and thermal resistance. The startup power is the minimum power needed by the PHP to get started [20] . When the PHP reaches the required startup condition, the oscillating motion in the PHP starts. And when the required superheat or/and input power meet the required condition, the stable oscillating motion can be self-sustained. The startup condition is very important for the stable oscillating motion occurring in a PHP. The startup depends on many factors like the filling ratio, tube geometry, wall temperature variation, heat flux level, physical properties of working fluid, heating and cooling modes, transient heat transfer process, initial temperature, and so on.
The startup power at different filling ratios were found out for both the working fluids. Table 2 summarizes the effect of filling ratio of the two working fluids on the startup power. Figure 2 shows the minimum startup power at 50% filling ratio for DI water and Figure 3 shows for methanol at 40% filling ratio. From Figures 2  and 3 , it can be seen that at a heat input of 5 W, the temperature of evaporator increases and then becomes constant; as the heat input is increased further to 10 W, the temperature again increases and reaches a constant value. When the heat input is increased to 15 W, the temperature of evaporator increases and then a sharp decrease is observed, after which the device starts working in pulsating mode. Before the startup condition has reached, the pressure in the vapor bubble is not sufficient to drive the train of liquid plug and vapor bubble above it. After the achievement of startup condition, nucleate boiling starts in the heating section and the size of vapor bubbles grow, increasing its instant pressure and thus the pressure difference between the evaporator and the condenser section, which is the driving force for the oscillatory motion inside [20] .
Optimum Filling Ratio
The optimum filling ratio with respect to the startup condition and thermal resistance was evaluated. From Table  2 , it can be seen that for DI water, the startup power decreases as the filling ratio increases from 20% to 50%. The start-up power for 50% and 60% filling ratio are the same, 15 W, but the time to reach the start-up condition with 60% fill ratio was 1000 seconds as compared to 900 seconds for 50% filling ratio. Then after, as the filling ratio is increased, the startup power again increases. Similar trend was obtained for methanol, where the startup power decreases as the filling ratio increases from 10% to 30%, it was minimum at 30% and 40% filling ratio (15 W), then further increases on increasing the filling ratio.
To know the most appropriate optimum filling ratio, the effect of filling ratio on the thermal resistance of PHP was also studied. 
T T R Q  
where T e and T c being the average wall temperatures of the evaporator and condenser respectively and Q is the input power.
From the Figure 4 it can be seen that at very low filling ratios, i.e. 20%, thermal resistance increases with increasing power, but, as the power in increased beyond 40 W dry-out occurs. At low filling ratios, as the heat input is increased, the entire surface is covered by the vapor space which leads to dry-out situation. As the filling ratio increases further, the device starts acting in pulsating mode. For DI water, minimum resistance is offered at a filling ratio of 50% whose value is 0.492˚C/W. As the filling ratio increase beyond 50%, the thermal resistance offered by the device increases. At FR 90% very few bubbles are present in the PHP, thus a remarkable drop in the performance is observed. At FR 100%, when no bubbles are present, the heat transfer occurs solely by convection. In PHP vapor bubbles are supposed to pulse and promote the liquid slug and dispel the heat from evaporator to the condensation section. In the PHP high fill ratio is responsible to hinder the pulsation of the bubble and hence the efficiency of heat transfer will not be very good. The low filling ratios are expected to favour the pulsation of the bubble, but it is extremely easy to dry out. Thus 50% was chosen as the optimum filling ratio for DI water. Figure 5 shows the effect of filling ratio of methanol on PHP. Thus the minimum resistance, 0.51˚C/W was obtained at 40% filling ratio and thus 40% was the optimum filling ratio for methanol. The performance of methanol is quite comparable to that of water. The thermodynamic properties of water make its performance better. Its high latent heat spreads more heat with less fluid flow. To compare the performance of both the working fluids the evaporator and condenser heat transfer coefficients were calculated at respective optimum filling ratios for both the fluids (Figure 6) 
As seen from Figure 6 , the heat transfer coefficient for water is more than that of methanol. The difference in evaporator side heat transfer coefficient is not much, but appreciable difference in condenser side heat transfer coefficient can be observed. This is because both h e and h c depend on saturation temperature of the fluid, which is more for water.
Effect of Orientation
Studies were also conducted to study the effect of working fluid on the working of PHP at different orientation. Figures 7 and 8 show the thermal resistance of PHP with water and methanol respectively, at different orientation. In case of water the minimum resistance at 45˚ inclination is 0.55˚C/W while at horizontal orientation the value is 0.81˚C/W. While when methanol is used as the working fluid, the minimum resistances are 0.51, 0.52 and 0.63˚C/W at vertical, 45˚ inclination and horizontal orientation respectively. At horizontal orientation, in absence of gravity, the effect of surface tension dominates. The high surface tension of water creates additional fric- restricts the two phase flow. This problem can etion and be overcomed by the use of methanol, whose surface tension is quite low in comparison to water (about one-third). Thus the fluid with low surface tension gives better results. Thus by the use of methanol it can be said that the device becomes almost orientation free.
The effect of orientation on the startup temperature and the time required to reach were also studied. Figure  9 shows the startup temperature with time for DI water at 50% filling ratio and Figure 10 shows for methanol at 40% filling ratio. On comparing the performance of PHP in both the cases it can be seen that by using methanol as working fluid, the startup temperature and time can considerably be reduced. Approximately 300 seconds are required for PHP to reach startup with methanol while 750 seconds are required with DI water in vertical orienttation. Similarly, the startup time reduces to 560 seconds from 900 seconds in horizontal orientation and 360 seconds from 450 seconds at 45˚ inclination, by the use of methanol. The form om active sites is delayed when it is in horizontal oriethanol as working 30% and 40% filling ratio. The optiation and departure of vapor nuclie 4. Conclusion fr entation, whereas in vertical orientation, when the gravitational forces become dominating parameter, the convective heat transfer coefficient may increase resulting in augmentation in heat transfer in evaporator zone. Also high degree of pressure fluctuations were recorded with methanol. This is because of the fact that the saturation pressure of methanol is higher and this effect the spatial dynamic pressure perturbations helping minimize the gravity effect in vapor-slug system [17] .
The experimental investigation shows that minimum start-up power for water as working fluid in PHP are at g ratio while for m 50% and 60% fillin fluid, they are at mum filling ratio for a minimum thermal resistance was found to be 50% for water and 40% for methanol. In vertical orientation of PHP, the resistances observed are 0.492 and 0.51˚C/W for water and methanol respectively. Hence the optimum filling ratio was taken as 50% for water and 40% for methanol. The heat transfer coefficient on evaporator side, for both the liquids, was almost similar, while there was an appreciable difference in heat transfer coefficients on condenser side. The start-up temperature and startup time at all orientations can considerably be reduced by using methanol as working fluid in PHP. At optimum filling ratio, the minimum thermal resistance of water charged PHP at 45˚ inclination and horizontal orientation was found to be 0.55˚C/W and 0.81˚C/W respectively while that of methanol charged PHP, is 0.52˚C/W and 0.63˚C/W at 45˚ inclination and horizontal orientation respectively. Hence it may be concluded that the PHP charged with methanol can be considered as orientation free.
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